With increased use of artificial insemination (AI), the poultry industry has gradually achieved intensive battery rearing of breeding roosters. This also enhances the efficiency of using productive males and expedites breeding processes. To some extent, cost from feeding and management of roosters is reduced as well (Das et al., 2004) . Although AI technology has generated enormous economic benefits to the poultry industry, it sets high standards for rooster breeding and selection for semen quality. Semen traits were overlooked in favor of other economically important traits in both commercial and local breeds. Considerable genetic improvement has been achieved for growth traits in broilers during the past decades. Unfortunately, this has been accompanied by a steady decrease in the reproductive quality of the roosters. For some local chicken breeds in China, the hatchability is 3 to 5% below that of standard breeds. This may be related to low fertility caused by poor semen quality. Furthermore, using AI, the male to female ratio is generally 1:10 in local breeds, which is much higher than 1:20 in standard breeder flocks. Decreasing the number and increasing the quality of breeding males in local breeds should be achieved by improving semen quality of the roosters. Semen quality is also an important factor determining the breeding value of males, because it influences the fertilization rate of the eggs for hatching as well as the reproductive efficiency of their progeny (McGary et al., 2002) .
INTRODUCTION
ABSTRACT By estimating the genetic parameters of various semen quality traits in Beijing-You chickens, this study aims to elucidate the inheritance patterns of these traits and the correlations between them to facilitate setting up appropriate breeding strategies for enhanced semen quality. Semen samples were collected from 518 Beijing-You roosters at 43 wk of age from 3 selection lines related to meat flavor traits. Seven semen quality traits, consisting of semen volume, pH, and color, and sperm viability, motility, percent deformity, and concentration, were determined. Sizeable variations (18-24% CV) were observed for all traits, except for semen pH. The effects of semen collection time and origin of the chickens (line) were analyzed to optimize the proper models for estimating genetic parameters for each trait. The multiple-trait derivative-free restricted maximum likelihood method was used for estimating variance components. The results revealed that sperm viability, motility, and percent deformity exhibited high heritabilities (h 2 = 0.52, 0.85, and 0.60, respectively). Semen volume, semen color, and sperm concentration had moderate heritabilities (h 2 = 0.28, 0.19, and 0.12, respectively). Semen pH showed low heritability (h 2 = 0.03). Genetic and phenotypic correlations between sperm motility and viability were positive and high (r A = 0.88 and r P = 0.59). In addition, these 2 traits were genetically negatively correlated with percent deformity. This implied the possibility of reducing sperm deformity, which is difficult to measure, by indirect selection. It is concluded from this study that semen quality can be improved by selection. The traits with high variations and heritabilities such as semen volume are promising traits for selection to improve semen quality and likely reproductive performance of native chicken breeds.
traits. Estimation of heritabilities and genetic correlations for traits are necessary for predicting the effect of selection, devising the breeding strategy, and so on. Estimates of genetic parameters of semen quality vary between populations and models. For example, Barbato (1999) claimed that traits related to semen quality of White Leghorn roosters were of moderate to low heritability, whereas Gebriel et al. (2009) reported that semen volume, semen pH, and sperm motility of breeding males at 38 wk of age were highly heritable traits. Little or nothing has been reported for native breeds. The objective of the present study was to investigate variation, identify inheritance patterns and genetic correlations of 7 semen quality traits in Beijing-You chickens, a representative local breed in China with superior meat quality but lower reproductive performance.
MATERIALS AND METHODS

Population and Management
This study involved 518 Beijing-You roosters from an experimental population reared on the experimental farm of Institute of Animal Science, Chinese Academy of Agricultural Sciences. These birds were all of the males of the sixth generation of 3 selection lines related to meat flavor: up-selection (n = 118) and downselection (n = 120) lines for intramuscular fat, and an up-selection line for inosine-5′-monophosphate content (n = 280). All birds were contemporaneous and reared under the same conditions. Pedigree information of 6 generations was available. The birds were fed ad libitum the same corn-soybean diet, containing 12.12 MJ/ kg of ME and 20% CP from 0 to 8 wk of age, and 11.70 MJ/kg of ME and 16% CP after 9 wk of age.
All males were cage-housed individually after 18 wk of age and sexually rested before semen collection at 43 wk of age. Starting at 40 wk of age, these birds were trained twice per week by simulated semen collection. The last training was conducted 3 to 4 d before the semen collection and BW determination. All semen collections were performed by the same skilled personnel, in the morning (AM; 0800-1100 h) and afternoon (PM; 1400-1700 h).
Semen Collection
Semen collection was performed in early November, when ambient daytime temperature was 5 to 9°C and 19 to 20°C in the chicken house and laboratory. Semen was collected into a hand-warmed collection tube by skilled personnel, following the manual massage method of Mocé and Graham (2008) . After volume was recorded, semen was quickly pipetted to 1.5-mL sterilized centrifuge tubes and placed in the 37°C water bath for 1 to 5 min, at which temperature motility of sperm was the most stable and consistent as indicated in our preliminary tests. As soon as every 10 collections were completed, they were moved together to the laboratory to determine the other quality traits.
Semen Quality Determination
Semen volume, pH, and color were determined immediately after the collection. Semen volume was measured with the use of a graduated collection tube. Semen pH was determined with the aid of a highly sensitive p-Hydrion test paper (pH value ranges from 6.4 to 8.0) and compared with colors on a color chart meter. Semen color was assessed subjectively using scoring scale modified from Zemjanis (1970) : 3 for milky white, 2 for gray, 1 for transparent or water-like, and 0 for bloodshot or harboring yellow or white particles. Sperm viability (% using 500 cells) was determined by in vivo staining (Chalah and Brillard, 1998) with eosinnigrosin (Tiangen Biotech Corp., Beijing, China). The air-dried slides after staining were examined under a light microscope (Olympus Corp., Tokyo, Japan) at 400× magnification. For evaluation of sperm motility, 2 µL of semen diluted with 50 µL of normal saline (Tiangen Biotech Corp., Beijing, China) was placed on a preheated slide and coverslipped. Sperm motility was estimated by video-microscopy at 400× magnification (Tabatabaei et al., 2009; Saleh and Ali, 2012) . Three trained individuals independently and blindly assessed the video recordings 3 times. Two microscopic fields were assessed to evaluate sperm motility based on at least 300 sperm in each sample. Motility was expressed as the number of motile spermatozoa with moderate to rapid progressive movement of 10. The final score was the average of 9 determinations (3 individuals each making 3 observations). Sperm deformity (% using 500 spermatozoa) was determined using the in vivo crystal violet staining method (Santiago-Moreno et al., 2009) . After staining, air-dried slides were examined at 400× magnification to identify those displaying morphological abnormalities (including abnormalities in the head, connecting piece, tail, and end piece). Sperm concentration was assessed with a photoelectric colorimeter (Kosin and Wheeler, 1956 ).
Statistical Analysis
Descriptive Statistics. Data for each trait were first tested for normality. Data for sperm viability and percent deformity were normalized by arcsine transformation. Descriptive statistical analyses were performed using SAS 8.0 (SAS Institute, 1999) .
Genetic Parameter Estimation. A linear animal model was used to estimate variance components, from which heritabilities and genetic and phenotypic correlations were calculated for each semen quality trait, using MTDFREML software (Boldman et al., 1995) . During computation, the convergence criterion was determined to ensure the variance difference estimated from the 2 successive iterations was less than 10 −9 . Fixed effects were established for each trait using GLM in SAS 8.0 at significance level of 0.05. Fixed effects considered in this study were semen collection time, origin of the chickens (lines), and the interaction between semen collection time and line. The final model for the variance components estimation for semen volume, sperm viability, and sperm concentration was
and the final model for semen pH, semen color, sperm mobility, percent deformity, volume, sperm viability, and sperm concentration was
where y ijkl was the observed value of the ijkl individual for a relevant trait, l i was the fixed effect of lines (i = 1, 2, 3), t j was the fixed effect of the semen collection time (j = 1, 2), w k was the random effect of BW at 43 wk of age, a ijkl was the random additive genetic effect of the ijkl individual, and e ijkl was the residual term. 
RESULTS
Descriptive Statistics of Semen Quality Traits
As shown in Table 1 , the roosters tested had an average semen volume of 0.34 mL, pH of 7.43, color of 2.40, 71.12% sperm viability, motility of 7.51, 8.76% deformities and sperm concentration of 1.16 × 10 9 /mL. With the exception of semen pH, which had a CV of 2.13%, the remaining traits had high CV, between 18 and 24%.
Effects of Semen Collection Time and Line on Semen Quality Traits
A GLM was performed to investigate the effect of semen collection time and line on semen quality traits. As shown in Table 2 , semen volume and sperm viability were higher in AM collections, whereas sperm concentration was higher in PM collections (P ≤ 0.05). All semen quality traits were markedly affected by the 3 selection lines (P ≤ 0.001). The interaction between collection time and lines was not significant for any trait (P > 0.05). The ANOVA results indicated that line should be included as a fixed effect in the model for estimating genetic parameters for semen pH, semen color, sperm motility, and percent deformity. Both line and semen collection time should be included as fixed effects in the model for semen volume, sperm viability, and sperm concentration.
Estimates of Genetic Parameters of Semen Quality
As Table 3 shows, moderate to high heritabilities were estimated for sperm viability (0.52), motility (0.85), and percent deformity (0.60). Moderate to low heritabilities were estimated for semen volume (0.28), semen color (0.19), and sperm concentration (0.12). The heritability of semen pH was very low (0.03).
High and positive genetic correlations were found between semen volume and percent deformity (r A = 0.47) and between semen volume and sperm concentration (r A = 0.68). Low and not significant phenotypic correlations between these traits were observed, except for the high correlation between sperm viability and sperm motility (r P = 0.59). Semen pH had negative genetic correlations with all other traits (r A ranged from −0.36 to −0.66). Positive genetic correlations existed between semen color and sperm motility, percent deformity and concentration, but a negative genetic correlation existed between semen color and sperm viability. There were high genetic (r A = 0.88) and phenotypic (r P = 0.59) correlations between sperm motility and viability, both of which had negative genetic correlations with sperm abnormalities (r A = −0.27, −0.37, respectively). Sperm concentration showed a negative genetic correla- 1 A total of 38 roosters with no semen were included in statistics for semen volume, but not for other traits. 2 Semen color was assessed subjectively using scoring scale modified from Zemjanis (1970) : 3 for milky white, 2 for gray, 1 for transparent or waterlike, and 0 for bloodshot or harboring yellow or white particles.
3 Sperm motility was expressed as the number of motile spermatozoa with moderate to rapid progressive movement of 10. A total of 38 roosters (11 from line IMF + , 10 from line IMF − , and 17 from line IMP + ) with no semen were included for the statistics for semen volume, but not for other traits.
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Semen color was assessed subjectively using scoring scale modified from Zemjanis (1970) : 3 for milky white, 2 for gray, 1 for transparent or water-like, and 0 for bloodshot or harboring yellow or white particles.
6
Sperm motility was expressed as the number of motile spermatozoa with moderate to rapid progressive movement of 10. tion with sperm viability (r A = −0.72) and a positive genetic correlation with percent deformity (r A = 0.53).
DISCUSSION
Semen Collection and Semen Quality Traits Determination
Traditional methods from the literature were used to determine the semen quality traits in this study. There are several alternative indicators for evaluation of semen quality. For example, average path velocity was proved to be well-associated with fertility and has been widely used in research work and some practice (Froman and Feltmann, 1998; Froman et al., 1999) . In the present study, we used sperm motility instead to make full use of available facilities both in the laboratory and farms. This method also facilitates the application of the findings to breeding practices on farms. Previous study has shown a high correlation (0.76-0.90) between sperm motility measured as described here and the oocyte penetration assay (Wilhelm et al., 1996) . The high correlation was also confirmed in sheep or humans (Hammerstedt, 1975) . Semen collection and measurement of traits were performed by skilled personnel. To reduce error from subjective scoring of sperm motility, each sample was scored by 3 trained individuals and the average of 9 scores was used.
Semen Quality Traits
The 7 means of individual semen quality traits determined in the present study were within the ranges of previous studies with a variety of breeds. For example, average semen volume was 0.34 mL in this study, similar to that of Cobb broilers (0.35 mL) reported by Cerolini et al. (2006) , and higher than that of White Leghorn layers (0.27 mL) reported by Saeid and AlSoudi (1975) .
There are several genetic and environmental factors that may affect semen quality traits. As shown in Table  2 , semen volume, sperm viability, and sperm concentration were significantly different between collection times. Saeid and Al-Soudi (1975) claimed that semen volume varied among different chicken lines. Chickens with larger body size normally have larger testes and can produce more semen. Nevertheless, differences in semen volume have also been found in the same chicken breeds or lines. Semen volume of White Leghorn males was estimated to be 0.14 mL in 1968 by Lillie and Menge (1968) . This number increased to 0.27 mL in 1975 (Saeid and Al-Soudi, 1975 ) and reached 0.46 mL in 2002 (Neuman et al., 2002) . This drastic increase may be a result of improved technique of semen collection together with the long-term improvement of the line and better nutrition and management. In the present study, except for semen pH, variations for other 6 traits were large, ranging from 17.95% for sperm concentration to 24.31% for percent deformity. The high variations in the population and the heritabilities, discussed below, will aid in selection and should permit genetic improvement for the semen quality traits. The low variation for semen pH may be due to the fact that pH is a crucial physiological parameter and only a limited range might be expected. Too high or low pH only occurs in cases of inflammation or other diseases.
Genetic Parameters of Semen Quality Traits
There are few and inconsistent estimates of genetic parameters of semen quality traits in chickens. Soller et al. (1965) concluded that semen volume, sperm concentration, and motility in White Rock roosters are highly heritable traits. We estimated a heritability of 0.85 for sperm motility, which is in line with their estimation of 0.87. Their estimated heritabilities for semen volume and sperm concentration (0.41 and 0.50, respectively) were, however, higher than those estimated here (0.28 and 0.12, respectively). Using the mixed model of least squares and maximum likelihood method, Bongalhardo et al. (2000) estimated heritabilities for semen volume (0.27), sperm concentration (0.34), and sperm motility (0.26) from 698 White Leghorn roosters at 26 wk of age; an identical estimate for the heritability of semen volume (0.28) was obtained here. Kabir et al. (2007) estimated a heritability of 0.82 for semen motility using 329 male Rhode Island Reds at 18 wk of age; we had a similar estimate of 0.85. The heritabilities of sperm viability (0.33) and sperm deformities (0.42) reported by Kabir et al. (2007) were slightly lower than those estimated in the present study; heritabilities for semen volume (0.45), semen color (0.55), and sperm concentration (0.52) were higher. Despite some noted inconsistency among the studies, most indicate that chicken semen quality traits have intermediate to high heritabilities. The inconsistencies probably reflect the different breeds, sample size and structure, or management in the different studies. Sheng and Chen (2001) have proposed the optimum family numbers (n = 4/h 2 ) for estimating heritability using a half-sib population correlation, and approximately half of that for estimation in full-sib population. In the present study, we used a large sample size of 80 mixed full-and half-sib families. In addition, systematic errors were minimized as all animals were hatched at the same time and reared under the same conditions. Determinations of semen quality were conducted promptly after the collection.
Genetic parameters were estimated here using the multiple-trait derivative-free restricted maximum likelihood method, following the principle that the likelihood function of observed values or the linear combination of the observed values reaches its maximum. This method also takes into account the possibilities that various levels may be related as a result of random effects. Hence, for a large sample size, the estimates from this method are characterized by their consistency, as-ymptotic lack of bias, asymptotic normality, and efficiency, thereby boosting the accuracy of estimating genetic parameters.
For some traits such as semen volume, sperm concentration, and semen color, moderate heritabilities (0.28, 0.12, and 0.19, respectively) were estimated. Furthermore, these traits can be measured conveniently, accurately, and rapidly, making them useful quality traits to be incorporated into a breeding program. The genetic correlations between traits are also important in determining if a given trait is suitable as an indicator of others; unfavorable indirect selection effects should be avoided. In the present study, the genetic and phenotypic correlations between the semen quality traits were also estimated. Although the phenotypic correlation between semen volume and the sperm deformity rate was as low as 0.14, a high genetic correlation (r A = 0.47) existed between the 2 traits, as found by Gebriel et al. (2009) . The genetic correlation between semen volume and sperm concentration was 0.68, which indicated that increase in the volume may not necessarily result in low sperm concentration. Semen color had intermediate or higher positive genetic correlations with both sperm motility and deformities. This finding implied that selection based on semen color can bring a favorable indirect selection effect for sperm motility, but also with the risk of increasing the percentage of sperm abnormalities. To some extent, semen color reflects the sperm concentration and is associated with the number of spermatozoa that are viable or are moving linearly, independent of the proportion of abnormal spermatozoa. The high negative correlation between sperm concentration and sperm viability rate (r A = −0.72) does not necessarily exclude sperm concentration as a breeding trait. According to Musm (1938) , a sperm concentration of 10 8 /mL was optimal for fertility, whereas higher or lower concentrations may compromise reproductive potential. Therefore, if sperm concentration is the primary criterion, it should suffice to ensure that there is sufficient number of normal and motile spermatozoa.
The present study reveals that sperm viability, sperm motility, and sperm deformities are all moderately to highly heritable traits. It is appropriate therefore to use the simple and effective individual phenotypic selection for these traits. Subsequently, line-breeding is employed to increase or decrease population genetic merit of the targeted traits. High phenotypic and genetic correlations between sperm viability and sperm motility found in the present study indicated that the 2 traits might share some common genetic background or that the genes regulating the 2 traits are in linkage disequilibrium. These 2 traits can be influenced in the same way by environmental factors. It is important to note that both sperm viability and sperm motility exhibit intermediate or higher levels of negative genetic correlation with sperm deformities. Wang et al. (2006) showed an association between sperm motility, sperm viability, and high acrosomal integrity. The present results suggest that increasing sperm viability and motility should simultaneously reduce the proportion of abnormal spermatozoa as an indirect selection effect. Some traits that are more difficult to measure, such as sperm viability, motility, and abnormalities, can be indirectly improved as a result of the genetic correlations they hold with other easily measured traits.
The observation that semen pH was not phenotypically, but was genetically negatively correlated with sperm viability or motility (r A = −0.40 and −0.36), indicated a possibility that the genetic factors indirectly influencing semen pH are linked to those affecting sperm viability and motility.
Possibility of Enhancing Reproductive Performance of Roosters by Breeding for Semen Quality Traits
The reproductive performance of roosters is an important factor contributing to the fertility and hatchability of chickens. Although not included in the present study with more than 500 roosters, the relationship between semen quality traits and fertility have been investigated and related to reproductive performance of the rooster and therefore to the fertility of the flocks (Froman et al., 1999; Santiago-Moreno et al., 2009 ). The genetic parameters estimated for the semen quality traits in the present study do provide new genetic knowledge to understand these traits and suggest that genetic improvement of these traits is possible and feasible. As fertilization is a complex process involving a large number of factors, it is still difficult to precisely predict the potential fertility of a given rooster by its semen analysis in vitro. Further study on the relative importance of the semen quality traits, more predictive laboratory tests or some combination of different assays is necessary (Rodríguez-Martínez, 2003; Tsakmakidis et al., 2010) . However, for the local breeds such as the Beijing-You chickens used here, an increase of semen volume (without decreasing other traits such as sperm concentration) of the roosters will enable decreasing the male to female mating ratio. The estimated genetic parameters in the present study suggest that genetic improvement of semen volume can be expected, which will directly reduce the cost of rearing and maintaining the breeding roosters.
